The three-body Coulomb problem is explored using classical-trajectory Monte Carlo and continuum distorted-wave methods that include all interactions, including the nuclear-nuclear term. Calculations for low-energy electron emission as a function of projectile deflection, the Bethe surface, are compared with experiment for single ionization of He by 100 MeV u −1 C 6+ and 3.6 MeV u −1 Au 53+ . Good agreement is realized for the C 6+ system. For Au 53+ poor agreement with experiment is obtained, indicating that the proposed lack of the nuclear-nuclear interaction is not the source of the discrepancy. The calculations further show that significant cross sections at large projectile deflections are only realized for double ionization, not single ionization.
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and 3.6 MeV u −1 Au 53+ . Good agreement is realized for the C 6+ system. For Au 53+ poor agreement with experiment is obtained, indicating that the proposed lack of the nuclear-nuclear interaction is not the source of the discrepancy. The calculations further show that significant cross sections at large projectile deflections are only realized for double ionization, not single ionization.
Comprehensive tests of scattering theories have now become possible with the advent of momentum spectroscopy experiments that provide a kinematically complete description of heavy-particle three-body single-ionization collisions (Cocke and Olson 1991, Ullrich et al 1997) . The three-body Coulomb problem can be probed in detail and correlations between outgoing particles can be used to investigate various aspects of the collision process. Highly differential measurements now test theories at levels that were unrealizable only a decade ago.
Very recently, Moshammer et al (2001) provided experimental data for electron emission as a function of projectile scattering angle, the Bethe surface, for single ionization of He by 100 MeV u −1 C 6+ and 3.6 MeV u
For the C 6+ case the perturbation strength is q/v = 0.10, where q and v are the charge and velocity of the projectile, respectively. For such a small perturbation the authors found that both Born and CDW-EIS (continuum distorted-wave-eikonal initial state, see the review by Fainstein et al (1991) ) calculations reproduce the data very nicely. However, for the large perturbation strength (q/v = 4.42) case of Au 53+ impact, both methods failed. Moshammer et al attributed this failure as being due to the lack of the incorporation of the nuclear-nuclear interaction in these theoretical models.
To investigate this difference between theory and experiment, we have employed threebody theoretical models that both include, and exclude, the nuclear-nuclear interaction. As will be shown later, we still find major disagreement with experiment. Such a large disparity is surprising since our early work on single ionization for the kinematically complete 3.6 MeV u −1 Se 28+ system indicated that experiment and theory were in reasonable accord with one another for the transverse and longitudinal momentum correlations between the ionized electron, recoil ion, and projectile .
Our calculations employ the continuum distorted-wave (CDW) final state with initial Born state method that includes the nuclear-nuclear interaction (Fiol et al 2001) , and classical trajectory Monte Carlo (CTMC) models at the three-and four-body level in order to test specific mechanisms (Olson 1996) . The three-body CTMC model employs a Wigner distribution for the He atom's electronic distribution (Wood et al 1997a) which has been shown previously to reproduce the 'target cusp' structure for the 3.6 MeV u −1 Au 53+ + He system (Schmitt et al 1998) . At the four-body level we used the dCTMC method that dynamically varies the screening between the electron and the He nucleus during the collision and has the electronelectron correlation in the outgoing channel (Wood et al 1997b) . The four-body calculations were used to access the importance of the loss of flux from the single-ionization channel due to double ionization. The two CTMC methods produced disagreement with the Au 53+ experiment, but general agreement with the CDW method. The differences in the theoretical results were in the absolute magnitude of the cross sections, not their shapes. The differences in magnitudes are most apparent between the three-and four-body results because of the inclusion of the double-ionization channel in the four-body simulations.
The interaction of the He + core with the projectile and the electron was accounted for in the three-body CTMC method by means of a Hartree-Fock determined model potential. In the quantum-mechanical calculations, effective charges Z eff = 1.344 au and Z eff = 1 au were used for the initial and final wavefunctions of the He + . Reasonable variations of these parameters did not modify the shape of the full CDW calculations; however, this is not true for the First Born approximation. In the latter case both the magnitude and the shape of the double differential cross sections strongly depend on the initial and final nuclear charges.
As a test, we compared our three-body results for 100 MeV u −1 C 6+ single ionization of He in figure 1. Here, both the CDW and CTMC three-body calculations are in reasonable agreement with experiment and nicely show the binary peak at large values of transverse momentum transfer. Note also that the absolute magnitudes of the calculated cross sections are in reasonable accord with experiment even for the large electron energies. This is because the double-ionization channel is very weak. For the C 6+ system the perturbation strength q/v is only 0.102, and the collision time T col = 2b/v is two orders of magnitude smaller than the orbital time of the He electron. Our CDW calculations also agree nicely with the Born results, and the computations using the CDW-EIS method developed by Crothers and McCann (1983) , neither of which include the nuclear-nuclear interaction. The reason for not needing the nuclear-nuclear interaction is because the C 6+ projectile mainly interacts with the ionized electron and not the recoil ion, so that the momentum transfer to the projectile is accurately portrayed by the Born and all CDW methods. A binary collision between 100 MeV u −1 C 6+ and a stationary point charge that produces 1 au of transverse momentum to the projectile requires an impact parameter of only 0.18 a 0 . Since the radial expectation value of the He electron is approximately 0.9 a 0 , the recoil ion is simply a spectator during this ionization process. For the Au 53+ system the perturbation strength q/v increases to 4.42. The CTMC results indicate that impact parameters as large as 12 a 0 contribute to single ionization. The calculated three-body CTMC ionization cross section is 9.46 × 10 −15 cm 2 , which may be compared with the experimental value of 8.0 × 10 −15 cm 2 ± 20% given by Berg et al (1992) . Both the CDW and CTMC theoretical models include the nuclear-nuclear interaction that was lacking in the comparisons made by Moshammer et al (2001) . The disagreement between theory and experiment is major (see figure 2) . Neither the CDW nor the CTMC method shows the experimentally observed strong Bethe ridge due to binary collisions between the projectile and the ionized electron. In fact, the calculated cross sections in the region of the Bethe ridge are an order of magnitude smaller than experiment.
For Au 53+ the range of interaction for single ionization extends to greater than ten times the orbital dimensions of the He target. In order to give 1 au of transverse momentum to Au 53+ in a binary collision with a point charge now requires an impact parameter of 8.8 a 0 . Thus, the impact parameter between projectile and electron, and between projectile and recoil ion are similar. This is in contrast to C 6+ where the range of interaction is much less than the radial expectation value of He. We find that for Au 53+ collisions the overall momentum transfer is quite small, with the He + recoil ion now participating strongly and having a momentum vector equal to, but because of its positive charge, opposite to that of the ionized electron. Such behaviour is what was previously found in the analysis of the kinematically complete 3.6 MeV u −1 Se 28+ measurements and calculations . Thus, in the Au 53+ single-ionization calculations, large momentum transfer events are significantly suppressed because vector addition of the recoil ion and ionized electron momenta reduces the overall momentum transfer to the target system, i.e. energy is transferred but not momentum. With the collision time one-half the orbital period of the target electron, we also do not find significant polarization of the target that could lead to an appreciably different impact parameter for the electron versus the recoil ion.
To pursue the significance of the recoil ion in the momentum transfer, we show in figure 3 quantum mechanical and classical three-body calculations made with and without the inclusion of the nuclear-nuclear interaction. Presented are the results for 50 eV electrons, but the other energies are similar. When the nuclear-nuclear interaction is removed from the calculations, the recoil ion no longer feels the Coulomb repulsion due to the Au 53+ projectile. For this latter case it is observed that the CTMC results are in general agreement with those obtained in the CDW-EIS calculation. Thus, the momentum transfer is now only to the electron which displays a maximum at the binary peak. Hence, it is clear that the full calculations show a reduced Bethe ridge cross section due to the projectile momentum transfer to the electron being equal and opposite to that between the projectile and the recoil ion. This is because of the large impact parameters involved in single ionization by Au 53+ , in contrast to the C 6+ system where only small impact parameters between the projectile and electron lead to ionization.
A question that can be raised is whether or not this is a true three-body system. One would expect that for large momentum transfer double ionization must be a significant process. Thus, are we missing some physics due to the single-ionization channel being significantly modified by double ionization? To investigate this question we have employed the dCTMC four-body method that dynamically varies the electron screening during the collision and includes the electron-electron interaction in the post-collision regime. The method previously succeeded in reproducing the electron-electron correlation in double-ionization collisions involving 3.6 MeV u −1 Se 28+ projectiles (Moshammer et al 1996) . Figure 4 presents the four-body results of the Bethe surface for 50 and 130 eV ionized electrons. Again, the calculations fail to reproduce the single-ionization experimental results. For large momentum transfer and small impact parameters, double-ionization transition probabilities exceed those of single ionization by more than an order of magnitude. Accordingly, we find that double ionization dominates over single ionization for large momentum transfer. Effectively, the double-ionization channel robs flux from the singleionization process, causing the disagreement with experiment to further increase relative to the three-body calculations.
Thus, in conclusion, the new single-ionization experimental results of Moshammer et al (2001) for Au 53+ cannot be reconciled by the inclusion of the nuclear-nuclear interaction in theoretical models. We find that including the nuclear-nuclear interaction reduces the large momentum transfer collisions due to the vector addition of the momentum transfer between the projectile and the ionized electron, and the projectile and the recoil ion. Furthermore, double ionization dominates the small impact parameter, large momentum transfer collisions that contribute strongly to the cross sections near the Bethe ridge. We can only conclude that the serious discrepancy between theory and experiment presented in the paper by Moshammer et al (2001) is due to some physical process that is unaccounted for in both CDW and CTMC calculations.
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